The first 2 h of middle cerebral artery occlu sion (MCAO) are likely critical in determining the final outcome in ischemic stroke. To study this early postisch emic period, male Wistar rats (n = 161) were subjected to right MCAO with closely spaced step variations in both
duration of MCAO and blood pressure (BP), using the intraluminal suture technique. Quantitative neuropathol ogy was performed at 25 coronal planes of the brain after I-week survival. Atrophy was measured as the difference between the two hemispheres and was added to cortical and striatal necrosis to obtain total tissue loss. Damage consistently increased monotonically with increasing du ration of occlusion only when infarct size was expressed as percentage of the contralateral hemisphere, but not when expressed as mm 3 , because of variable tissue size. The results showed that already at 1 week, the quantity of tissue loss due to resorption and trans synaptic effects ap proached the quantity of geographically traceable necro sis in cortex and striatum. Minimum brain damage (5%) occurred after 60 min at a BP of 80 mm Hg, with almost no cortical necrosis. Damage was extremely sensitive to hypotension and MCAO duration. At a BP of 40 mm Hg, 60 min of MCAO produced 25% damage, accelerating every 20 min during the 2-h period studied. At BP 80 mm Hg, 120 min of MCAO produced the same damage as only
The histologic outcome of middle cerebral artery occlusion (MCAO) is critical in determining the fi nal neurologic deficit in acute ischemic stroke. With the advent of thrombolytic therapy and early treat ment within the first 2 h after stroke (Brott et al. , 980 80 min of MCAO at BP 60 mm Hg. At 60-, 80-, 100-, and l20-min duration of MCAO, infarct size was significantly reduced with increasing BP. Analysis of the independent contribution of BP and MCAO duration revealed that BP played a greater role in determining infarct size than did MCAO duration. Ipsilateral hippocampal damage was seen in CAl and, in some animals, CA3. Necrotic neu rons in hippocampus wer;e found in 21 animals, including four with bilateral hippocampal damage, largely but not exclusively distributed in the hypotensive groups. Con tralateral necrotizing damage was seen in cortex and hip pocampus as selective neuronal necrosis and as cortical infarction in two animals. Ipsilateral and contralateral hippocampal damage reproduced the pattern of selective vulnerability seen in global ischemia. The histologic pen umbra (rim of selective neuronal necrosis surrounding the infarct) increased over time at BP 80 mm Hg but remained constant at a larger, presumably maximal level at BP 40 mm Hg in spite of increasing infarct size. We conclude that the first 2 h after MCAO is a very dynamic period, with increasing infarct size every 20 min, a process ex tremely sensitive to hypotension during occlusion. Trans synaptic effects can produce necrotizing damage in the hemisphere opposite to the ischemia. Key Words: Blood pressure-Focal-Ischemia-Necrosis-Transient. 1992), it becomes critical for patient management to know the time course of the early evolution of in farction and the effect of blood pressure (BP) during this early critical stage. Some studies have sug gested concerns that, because of edema formation and a detrimental effect on outcome, reperfusion not be attempted after a maximum critical MCAO (Bell et aI., 1985) or that reperfusion take place at reduced BP (Olsen, 1984) . Accordingly, our first objective was to determine the effect of graded hy potension on infarct size and on size of the histo logic penumbra.
Another question we wished to address is the minimum time of MCAO necessary to produce sig nificant damage at normotension and normother mia. Several investigators have studied this prob lem, but the data accrued from experimental focal ischemia are not consistent, and widely spaced time intervals have been studied in most series. In awake monkeys, infarction was seen after 4 to 8 h of MCA ischemia in most animals, but BP was not recorded, and results were variable (Crowell et aI., 198 1; Jones et aI. , 198 1; Marcoux et aI., 1982; DeGirolami et aI., 1984) . In cats, ischemic necrosis was consis tently found only after 4 h, but BP was not empha sized (Weinstein et aI., 1986) . Closely spaced inter vals of MCAO have not been studied quantitatively, although most reports describe maximal infarcts af ter 2 to 4 h of MCAO (Kaplan et aI., 199 1; Memezawa et aI., 1992a; Memezawa et aI. , 1992b; Hakim et ai., 1992; Jacewicz et aI., 1992; Garcia et aI., 1993) .
To study the effect of MCAO duration and BP on histologic outcome, we used the intraluminal suture technique (Koizumi et aI., 1986; Longa et aI., 1989; Kawamura et aI. , 199 1) to occlude the MCA at finely spaced time intervals of 60, 80, 100, or 120 min, each studied at BP of 40, 60, or 80 mm Hg. It was demonstrated that normothermic, normoglyce mic arterial occlusion is extremely sensitive to small differences in BP and to small differences in the duration of arterial occlusion over the first 2 h, suggesting that close attenJion should ' be paid to these parameters in models of cerebral ischemia.
MATERIAL AND METHODS
Male Wi star rats (Charles River Breeding Center, St. Constant, Quebec) were fasted overnight but had free access to water. The weight range was limited to 250-330 g. The objective of obtaining 10 surviving rats in each of 12 groups necessitated the use of 161 rats, because 41 rats died before the I-week survival period. The rats were randomly divided into 12 groups, and all were allowed I week survival. The BP was controlled to 40, 60, or SO mm Hg, and the MCAO duration was 60, SO, 100, or 120 min before reperfusion.
Intubation was done under 3-4% halothane in a mixture of 40% O2 and 60% N20, under the guidance of a fiberop tic light source (lntralux 4000; Volpi, Switzerland). Halo thane was thereafter adjusted to I % for the duration of the surgery, and the rats were maintained on a Starling type ventilator until MCAO.
The ventral tail artery was cannulated with PE-50 poly ethylene tubing, and the arterial line was connected to a Statham transducer. BP was automatically recorded by computer every 5 s. A lateral tail vein was connected to PE-50 polyethylene tubing, and 0.9% normal saline was infused at 4 mllkg/h. Body temperature was controlled to 37 ± 0.2°C, using a thermistor-regulated servocontrolled heating blanket. Head temperature was controlled sepa rately by an overhead heating lamp located symmetrically over the skull vertex, such that a thermometer located in the left external auditory meatus registered 37 ± 0.2°C. Blood glucose was measured using glucose oxidase re agent strips and a reflectance glucometer (Ames Co, Mishawaka, IN, U.S.A.). A 1304 pH/blood gas analyzer (Instrumentation Laboratories, Milan, Italy), was used to monitor the blood gases and pH before, during, and 15 min after MCAO. Blood glucose was monitored intra ischemic ally and at 7 days' survival, just before perfu sion.
The sternomastoid, digastric, and the omohyoid mus cles were divided via a right ventrolateral neck incision. Under the operating microscope, the common carotid ar tery (CCA) was isolated, the occipital and superior thy roid branches of the external carotid artery (ECA) were isolated and coagulated. Next, the pterygopalatine artery, the only extracranial branch of the internal carotid artery (ICA), was isolated. The ECA was cut with a microbipo lar, a 6-0 silk suture was tied loosely around the ECA stump, and a microvascular clip was placed temporarily at the origin of the ECA. The ECA stump was cut using fine surgical scissors, and a 20-mm 3-0 monofilament ny lon suture, the tip of which was tapered and rounded with "fine" grade sandpaper, was introduced into the ICA via the ECA. The silk suture around both the ECA stump and the intraluminal suture were tightened to prevent bleed ing, and the clip was then removed. The 20-mm nylon suture was advanced into the ICA until a feeling of faint resistance was encountered and a sharp decrease in BP was displayed on the monitor, indicating the tip of the suture was situated in the proximal segment of the ante rior cerebral artery. Halothane was used to regulate the BP, because of smooth regulation free of fluctuation seen in pilot experiments. The BP was strictly controlled to the designated experimental level by regulating the percent age of halothane inhalation, and 0.2% suxamethonium was injected intravenously if necessary to keep the ani mal completely relaxed. The nylon suture was withdrawn after the desired period of occlusion, the ECA was tied permanently, and BP was restored by discontinuing the halothane. All wounds were closed, and the animals were allowed to awaken.
Rats in all groups were allowed to survive for 1 week after ischemia. Rats dying before I week were excluded from the histopathological data analysis and were used only for mortality calculation. Transcardiac perfusion was performed with saline for 40 s, followed by 4% phos phate-buffered formaldehyde at pH 7.30 under 2% halo thane anesthesia. The brains were removed after 12 h and were cut coronally into 3-mm slices. After processing, embedding in paraffin, and serial sectioning at S-lLm thickness, slides of the brain were prepared at 500-lLm intervals, the rostral and caudal limits being between bregma +5.7 and -6.S mm, respectively. Thus 25 coro nal sections, stained with hematoxylin and eosin, were examined in each rat. On each of these sections, four polygons were traced using a video analysis system (JAVA, Jande! Scientific, San Raphael, CA, U.S.A.), un der operator control. Two polygons of necrotic tissue were traced, one for cerebral cortex, another for stria tum. Controlling for the exact demarcation of the infarct border was done online using a light microscope. The data were stored and calculated by a macro-driven system.
Because of obvious atrophy (shrinkage of brain tissue) seen in the ischemic hemisphere compared to the non ischemic hemisphere (Hamilton et al., 1995) , two addi tional polygons comprising ischemic and contralateral hemispheres were also measured. Atrophy was calcu lated by subtracting the area of the ischemic hemisphere from the nonischemic hemisphere (including the infarct). Total tissue loss was calculated by summing cortical ne crosis, striatal necrosis, and atrophy. Volumes of hemi spheric tissue loss were then determined using a three dimensional reconstruction program (PC3D), which aligns the sections along a reference point (the center of the corpus callosum was chosen) and integrates the area measurement in three dimensions to calculate volume. To control for potentially variable brain size from brain to brain, to which volume is especially sensitive, all values were expressed as percentage of the contralateral hemi sphere.
A histologic penumbra of scattered selective neuronal necrosis was found on examination of the neocortex. The penumbra was quantitated as the absolute number of dead (acidophilic) neurons, irrespective of distance from the infarct, counted by direct histological examination. Three coronal sections were assessed in each brain, at +5.7, +7.7, and +9.7 mm from the interaural line. The total number of the necrotic neurons at all three levels was used for statistical analysis. Neuronal necrosis in the ipsilateral and contralateral hippocampus and pan-necrosis and selective neuronal necrosis in contralateral hemisphere were also examined.
Measures of physiological parameters, effect of MCAO on infarct volume, and selective neuronal necrosis at dif ferent BP levels were subjected to a one-way analysis of variance (ANOV A), with Scheffe's test for multiple com parisons between groups. Mortality and hippocampal ne crotic rate were analyzed using the nonparametric method of X2• All data were summarized as mean ± stan dard deviation (SD). Differences were considered to be significant at p < 0.05.
RESULTS
Postoperatively, there was a tendency for ani mals with lower BP and longer MCAO duration to lose weight in relation to the severity of the insult. Only animals at BP 60 mm Hg and those at 80 mm Hg with either 60 or 80 min MCAO gained weight (Table 1) . Weight gain correlated better with blood pressure than with occlusion duration, but postop erative weight gain correlated best with brain lesion size, independent of group: Regression analysis of weight gain on total infarct size showed r = -0.76 (p < 0.0000 1). Regression analysis of MCAO dura- 
(-57) ± 49 5.9 ± 0.5 5.34 ± 0.53 9 ± 2.3 7.33 ± 3.7 7.31 ± 0.06 7.33 ± 0.04 34.9 ± 5.6 32.2 ± 3.7 113.7 ± 14.4 118.7 ± 13.4 36.9 ± 0.1 36.9 ± 0.1 37 ± 0.1 37 ± 0. (Table 1) . A total of 41 rats, distributed among 10 sub groups, died before the 7-day survival period. The rats died on the first or second day, due to massive cerebral edema associated with MCA infarction. Higher mortality was associated with lower BP and longer MCAO. Mortality was 23, 33, 17, and 50% after MCAO for 60, 80, 100, and 120 min at BP 40 mm Hg, 17, 17, 0, and 17% after MCAO for 60, 80, 100, and 120 min at BP 60 mm Hg, and 0, 41,9, and 38% after MCAO for 60,80, 100, and 120 min at BP 80 mm Hg, respectively.
At all three levels of BP, infarct size increased with every additional 20 min of MCAO (Fig. O. At BP 40 mm Hg (Fig. lA) , the percentage of hemi spheric damage was 25 ± 14% (103 ± 51 mm 3 ), 28 ± 10% (118 ± 42 mm 3 ), 35 ± 11% (148 ± 43 mm 3 ), and 40 ± 12% (174 ± 54 mm 3 ) at the durations of 60, 80, 100, and 120 min, respectively (p < 0.04). At BP 60 mm Hg (Fig. lB) , infarct size was 11 ± 8% (46 ± 32 mm 3 ), 19 ± 10% (82 ± 41 mm 3 ), 22 ± 13% (95 ± 58 mm 3 ), and 23 ± 12% (88 ± 47 mm 3 ), after 60, 80, 100, and 120 min MCAO, respectively, (p = 0.08).
Interestingly, when the infarct size was plotted on a percentage basis, infarct size increased mono tonically as expectcd along with the prolongation of MCAO duration (Fig. IB) . However, when the vol ume of infarct size was compared expressed as cu bic millimeters, damage was not monotonically in creasing with time, the volume of infarct size 88 ± 47 mm 3 at 120 MCAO duration being less than that of 100 MCAO duration (95 ± 58 mm 3 ) (Fig. ID) . This instructive comparison suggests that expres sion of damage as percentage of the opposite hemi sphere is superior to presentation of data as abso lutc cubic millimeters, probably because of the in ternal control of the opposite hemisphere for variable brain size from brain to brain. At BP 80 mm Hg (Fig. lC) , damage was 5 ± 3% (2 1 ± 13 mm 3 ), 7 ± 4% (29 ± 43 mm 3 ), 15 ± 13% (57 ± 43 mm 3 ), and 19 ± 15% (8 1 ± 69 mm 3 ) of the hemi sphere at 60, 80, 100, and 120 min of MCAO, re spectively (p < 0.0 1, Fig. lC) , significant for stria tum (p < 0.007) and atrophy (p < 0.02).
The histologic penumbra also showed some sen sitivity to MCAO duration (Fig. 2) . At a BP of 80 mm Hg, and to a lesser extent at BP 60 mm Hg, penumbral size increased with the duration of oc clusion. At a BP of 40 mm Hg, however, penumbral size remained constant at -10, 000 neurons.
At all four different durations of MCAO, infarct size increased with decreasing of BP (Fig. 3) . Ef fects were more dramatic than for duration of oc clusion, also supported by the regression analysis (see the following). At MCAO duration of 60 and 120 min, BP of 60 and 80 mm Hg reduced the infarct size significantly (Fig. 3A , p < 0.009, p < 0.000 1; Fig. 3D , p < 0.03, p < 0.008). A BP of 80 mm Hg was also associated with less brain damage than BP 60 or 40 mm Hg at MCAO durations of 80 and 100 min (Fig. 3B , p < 0.000 1; Fig. 3C , p < 0.005). Analysis of the independent contribution of BP and MCAO duration revealed BP played a greater role in determining infarct size than did the duration of MCAO: at MCAO duration of 60, 80, 100, 120 min, regression of BP on infarct size revealed r val ues of -0.67 (p < 0.0000 1), -0.74 (p < 0.0000 1), -0.57 (p < 0.00 1), -0.54 (p < 0.002), but at a BP of 40, 60, and 80 mm Hg, regression of MCAO du ration on infarct size revealed lower r values of 0.45 (p < 0.004), 0.38 (p < 0.0 16), and 0. 50 (p < 0.0009).
Regression analysis of cerebral infarct on selective neuronal necrosis in all groups revealed a close cor relation between these two histological parameters (Fig. 4 , r = 0.87, p < 0.0003), as expected.
Necrotic neurons in hippocampus were found in 21 animals (Table 2) , including four with contralat eral hippocampal damage (Table 3 ). In spite of un altered contralateral CBF in this model (Cole et aI., 1989) , the selective vulnerability within the hippo campus resembled the histological change seen in forebrain ischemia (Smith et aI. , 1984; Zhu and Auer, 1994) in that there was initially selective loss of only CA l in mildly affected animals, with recruit ment of CA3 in more severely damaged animals (Fig. 5 ). Animals with ipsilateral hippocampal dam age were distributed in nine of the groups, including those at normal BP (Table 2) . However, animals with contralateral hippocampal damage were dis tributed only to groups with BP of 40 or 60 mm Hg. There was a trend that lower BP and longer dura tion of MeAO progressively increased the hippo campal necrotic rate, but this did not reach signifi cance (p > 0.05).
Selective neuronal necrosis was seen in the con tralateral hemisphere (Fig. 6) in two rats, one at BP 40, and one at BP 60 mm Hg after 120 min MCAO, and these two rats also showed pan-necrosis involv ing the middle cortical laminae (Fig. 7) . was demonstrated statistically only at BP of 80 mm Hg (p < 0.0001) but not at BP 60 mm Hg (p > 0.05). At MeAO du ration of 100 min (C). overall infarct size also decreases significantly with increasing BP (p < 0.004), which was significant at BP 80 mm Hg (p < 0.005) but not 60 mm Hg (p > 0.05). At MeAO duration of 120 min (0), overall infarct size decreases significantly with the increasing of BP (p < 0.005), signifi cant at BP 60 and 80 mm Hg (p < 0.03, P < 0.008). Proportion of hemispheric damage FIG. 4 . Regression analysis of brain infarct on selective neu ronal necrosis in all groups revealed a close correlation be tween these two histological parameters (r = 0.87, P < 0.0003). Note that the four groups at blood pressure (BP) 80 mm Hg are arranged parallel to the regression line, whereas the four groups at BP 40 mm Hg arrange themselves perpen dicular to the regression line, indicating no association of penumbral size with infarct size at very low BPs. Penumbra is presumably maximal at these infarct sizes.
DISCUSSION
Findings in our study demonstrate that both hy potension and MCAO duration contributed to in farct size independently and precisely. The notion that lower BP (Olsen, 1984) might improve outcome due to lesser edema was not supported. In fact, animals dying after lower BP showed massive isch emic cerebral edema.
In this model, it was not possible to keep the BP >80 mm Hg during MCAO without withdrawing an esthesia entirely. Nevertheless, our results imply that at normotension, the therapeutic window for medical intervention is ?60 min, because essen tially no damage was seen after that period. This therapeutic window is likely still longer at higher BP, based on experiments in which BP was manip ulated upward (Drummond et aI., 1989; Cole et aI., 1992) . Experiments showing damage after shorter intervals have occluded the carotid artery as well as the MCA (Memezawa et aI. , 1992b) . It is notewor- thy that at the end of this therapeutic window, dam age begins first in the striatum and then the neo cortex, according to our results and those of others (Memezawa et aI. , 1992b; Garcia et aI., 1993) . At rophy, not measured in previous studies, also ap pears at low levels of damage, possibly because of transsynaptic effects or direct synaptic damage (Sloper et aI. , 1980) .
A few reports suggested that infarct size in sev eral rat strains is not related to BP in transient focal ischemia (J acewicz et aI., 1992; Markgraf et aI. , 1993) , but no data about the relationship between FIG. 5. Hippocampus contralateral to middle cerebral artery occlusion (MCAO). Selective neuronal necrosis is seen in CA 1 and CA3 with sparing of CA4 region of contralateral hippocampus in a rat with 120 min of MCAO at blood pres sure (BP) 40 mm Hg. Bar = 150 !-Lm.
FIG. 6. Cortical selective neuronal necrosis is seen either as elongated microglial cells (narrow arrows) with their axis perpendicular to the pia mater or as acidophilic neuronal remnants of nucleus and cytoplasm (broad arrows). The former phenomenon represents dendritic phagocytosis. 120 min middle cerebral artery occlusion, blood pressure 60 mm Hg. Bar = 50 fLm.
finely graded hypotension and the histological out come were presented. lacewicz et al. used autora diographic techniques to measure CBF in a MCAI CCAO model in spontaneously hypertensive rats (SHRs) and found no correlation between BP and regional CBF (rCBF) or infarct size, but the BP in that study was in the range of 110 and 140 mm Hg (lacewicz et al., 1992) . The group of Ginsberg found no significant relation between BP and infarct vol ume in either Sprague-Dawley or Wistar rats in a permanent distal MeAO model when BP was > 100 mm Hg (Markgraf et al., 1993) . However, Drum mond and colleagues demonstrated that 15 min of hypertension induced by either phenylephrine (in creasing the BP from 99 to 134 mm Hg; Drummond and Moore, 1989) or dopamine profoundly improved rCBF in Sprague-Dawley J Cereb Blood Flow Metab, Vol, 15, No, 6, 1995 rats. An extended series of experiments conducted by the same group (Cole et al., 1992) illustrated that 15 min of phenylephrine-induced hypertension (BP increased by 30 mm Hg) during reperfusion after 120 min of MCAO in SHRs reduced the areas of hypoperfusion, indicating that the hypertension could reopen the microvasculature to improve re gional circulation. However, no histological data was provided in either series of experiments (Drum mond et al. , 1989; Cole et al. , 1992) . Although iat rogenic hypertension might potentially increase rCBF in ischemic brain, it increases the risk of in traparenchymal hemorrhage or at least edema in the irtiured area (Olsen, 1984; Bell et al., 1985; Cole et aI. , 1990) , as well as cardiopulmonary failure (Michenfelder and Milde, 1977) . All these results taken together, and our findings, suggest that iatro genic hypertension and hypotension should both be avoided in acute occlusive MCA stroke, and that care should be taken to maintain at least normal BP. The benefit of maintaining normotension is illus trated by our results, which indicate that raising BP from 60 to 80 mm Hg allows an additional 40 min (from 80 to 120 min) of MCAO to occur with iden tical infarct size (see Fig. I B and D) .
The halothane-induced hypotension increased the volume of cerebral infarction in our study, re emphasizing the importance of normotension in the treatment of focal ischemic stroke. The pressure flow relationships for the cerebral circulation have been weII defined, and the cerebral perfusion pres sure is 80 mm Hg in humans under normal condi tions. However, autoregulation keeps CBF rela tively constant when the BP is within the range of 60 to 150 mm Hg in the rat (Hernandez et al., 1978) , similar to that of other species, including primates and humans (Harper, 1966) . The hypotension to 40 mm Hg in our study is absolutely out of the range of autoregulation, and it is not surprising that infarc tion was 25 ± 14% and 40 ± 12% at MCAO dura tions of 60 and 120 min, respectively, compared to 5 ± 3% and 19 ± 15% with the same MCAO dura tion when the BP was 80 mm Hg, Although MCAO at BP >80 mm Hg was not feasible in this series of experiments, 60 min of MCAO produced only mild scattered ischemic cell change in a similar model using Wi star rats at normal BP (Nagasawa and Kogure, 1989) . These findings indicate that 60 min of MCAO at normal glucose and temperature pro duces insignificant cerebral damage.
Little work has been done regarding the effect of hypotension on selective neuronal necrosis in the penumbra of MCA infarcts. Previous work utilizing various models of focal cerebral ischemia has al most exclusively focused on volume measurements of the infarct area (Brint et aI., 1988; Duverger and MacKenzie, 1988; Jacewicz et aI. , 1992) . Ischemic tissue damage after arterial occlusion shows a fairly sharp transition between the infarct and the sur rounding normal tissue (Nedergaard, 1987) . How ever, volume measurements incompletely describe changes that occur in a �ide peripheral region (Dereski et aI., 1993) , and the severity of selective neuronal necrosis in our study was not proportional to the volume of infarct size. Rather, we found that selective neuronal necrosis was responsive to oc clusion duration at BP of 80 mm Hg but remained constant at a maximal level at severe hypotension of 40 mm Hg. A detailed evaluation of the hetero geneous response to MCAO should therefore in volve the counting of dead neurons to grade the severity of penumbral selective neuronal necrosis, in view of the variable density of dead neurons and their disseminated location.
Contralateral necrotizing damage was seen in the hippocampus and cerebral cortex in our study. This might be attributed to ischemia in the opposite hemisphere or to transsynaptic effects. The latter explanation is most likely, because infarcts have been seen contralateral to normotensive MCAO (Markgraf et aI., 1993) , and MCAO does not cause contralateral ischemia (Cole et aI., 1989) . Transsyn aptic effects best explain injury in areas remote from the primary ischemia, such as thalamus, sub stantia nigra (Hara et aI. , 1993) , and the ipsilateral and contralateral hippocampal damage seen in our investigation. However, interhemispheric effects occurring via the corpus callosum have not yet been verified in cerebral ischemia.
